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I. Introduction

The event that motivated the present work was the discovery of a mouse cadaver in a water barrel that was densely colonised by larvae of Helophilus pendulus. I observed in these larvae what were then for me remarkable appendages in the anal region. These were the anal papillae of the larvae, the clarification of whose significance was the object of the present work. Moreover the significance of the Malpighian tubules as calcium carbonate stores was hitherto unknown. That this carbonic chalk is laid down when the anal papillae lose their function, and later is related to the encrustation of the puparium, is equally a discovery of this study. Furthermore the overwintering of the larvae of Eristalis arbustorum is described for the first time. Since one finds adults but beforehand no pupae in early spring, because these are in the earth, earlier authors believed that they overwintered as adults. [...acknowledgements...]

II. Study material, rearing and methods

The procuring of live larvae presented no difficulties at all. Preserved material was deposited in the Museum of the Institute for agricultural Zoology. I collected the larvae of Eristalis arbustorum exclusively from irrigated fields around Berlin, where material was found in abundance. Larvae of Helophilus pendulus was present in abundance in a garden in Berlin-Pankow. I was also able to catch copulating adults and then I obtained entire batches and hence above all very young larvae. To trap adults I placed several cages of various sizes filled with water and with cadavers (mice, sparrows) placed in it. The cages were 50-80 cms wide and had water about 20 cm deep; they were made of cement or stoneware. After a few days when the sun was shining they attracted the first adults of Helophilus pendulus. At first the males appeared and settled on the edge of the cage, sitting there motionless. After a short time a female approached, and the males chased after her to catch her in flight and copulate with her. From all my observations it was established that copulation only occured in flight, and that on settling the sexes separately again immediately. After a few minutes the female flew to one of the cages, settled on the water surface, and began ovipositing. Fig 1 shows larvae of this species on a dead mouse in water.


I came across larvae of Myathropa florea [=auripila] by chance. To catch adult Eristalis, a cesspit was opened; after a short time a fly of a species unknown to me settled on the edge of the cesspit and immediately began to lay eggs near the water surface. Prof. Enderlein recognised it as a Caucasian species described as Eristalomyia auripila Becker, but which is now placed in the genus Myiatropa. As in the common central European species Myathropa florea, the wing cell R1 is open in this Caucasian species (r1 and r2+3 end separately). The 3rd antennal segment is elongated in both species, the mesonotum [Rückenschilder] has cross-stripes, and the eyes are hairy here as there [i.e. in this species as in florea]. In the traps the individual Myathropa [florea] that I captured laid 30 eggs, all of which were fertilised, and out of which the same number of larvae emerged. [...info on M.”auripila”...].


Keeping and rearing of the larvae of the three species occurred in various glass dishes. In order to give mature larvae the possibility of being able to leave the liquid to pupate, the dishes were obliquely placed on wood to one side. As media, Eristalis arbustorum had irrigation water with some mud from the irrigated fields, Myathropa florea had diluated manure (1:5), and Helophilus pendulus had tap water containing small rotting bits of meat. Since the cadaver quickly polluted the water, made it cloudy and the larvae then died, I placed Helodea plants in the water for better ventilation. Various mosquito larvae were also successfully added to the medium to clean the water. In the water in which I found the Helophilus larvae, large numbers of mosquito larvae (Culex) also lived. Helophilus larvae were never present in liquids without plants; the water was at the very least covered with algae.


Studies were partly on living material, and the anatomical and histological observations were on preserved material fixed with Petrunkevitch’s and Bouin’s solutions.


To prevent the shrivelling of the very contractile anal papillae, larvae were taken between finger and thumb of the left hand so that the anus was ventral. The breathing tube was pulled with the right hand towards the dorsum of the animal [Rücken], and then I exerted pressure on the body with the left hand and then the anal papillae were easily extruded from the anus. The anal papillae were plunged in this position into the fixing liquid (Petrunkevitch’s solution, 30 C). After a few minutes the anal papillae were cut from the body. I was also successful using an injection of alcohol sublimate from the head end. [..etc.]

III. Breathing of the larvae

When considering the larvae of Eristalis, Helophilus and Myathropa, attention is particularly drawn to the long tube drawn out from the abdomen. Indeed Reaumur (1734) called them rat-tailed larvae because of it. This breathing tube using which the animal takes atmospheric air from the water surface, is very contractile and can be elongated and shortened according to the water level or depth in which the animal finds itself. Two tracheae run from two spiracles at the end of this breathing tube throughout the length of the body, finishing at any rate in the last instar in two anterior spiracles at the front of the larva. Both tracheae undergo an approximately three-fold expansion in width as they run through the body, whose significance is explored below. The two tracheal trunks which can be seen glittering through the body on the dorsal side, supply the organs of the body with the oxygen they need via many subdivisions in each segment. At the level of the anus and the mouth, the tracheal trunks are joined by a commissure. Besides breathing through the last pair of spiracles, there is the first pair of spiracles at the head end of the last larval instar which also contributes to respiration. However, larvae use these anterior spiracles only in exceptional circumstances, as will be shown. There is also cuticular respiration which backs up spiracular respiration, essentially mainly in the early instars. Finally one finds another organ in the larvae with respiratory characteristics, the anal papillae. They are used exclusively for the exspiration of carbon dioxide arising from the process of respiration. To function the anal papillae are extruded out of the anus and set in rhythmic motion. They are richly supplied with tracheae and because of this purely on a morphological basis they give the impression of tracheal gills.

1. Breathing via the spiracles

a) The respiratory tubes

The spiracular tubes in larvae of the three genera consist of three sections easily recognised from the outside, which are about the same length (Fig 4). The breathing tube when extended are tapered and bear the spiracles at the tip. The three sections have the same cuticle as the rest of the body and are only negligibly different in their vestiture.


The first section is lightly wrinkled and has setae along its entire length. It has three small protuberances on each side that bear sensilla. Apart from the two tracheal trunks, which arise from the end of the breathing tube, we see in the first section two more small tracheae coming from the body of the animal; they supply the oxygen requirements of the breathing tube. One can clearly trace these thin tracheae right to the end of the second section. In the third section, observing these fine tracheae is made difficult by the more strongly pigmented cuticle. Apart from these four tracheae, the first section in cross-section shows six strong longitudinal muscles that shorten the breathing tube. In addition we have also a layer of circular muscles lying on the hypodermis.


The second section has neither long hairs nor sensillar protuberances. We still find here the hook-shaped setae that Wahl (1899) has already described in Eristalis tenax. The musculature is the same as in the first section. With the end of the second section, the musculature finishes. The muscles insert at the end of the second section.


The third section is completely without hairs and no longer has any muscles. From the end of this section one sees that the breathing tube is oval in cross-section. On each side where the curve of the ellipse is most pronounced, there are four feathered hairs (Fig 5). The eight hairs are thickened at the base into spheres and are movable, seated in a pit. In Myathropa these buoyancy hairs have a kink which is diagnostic for the species. Approximately at the focal points of the ellipse we see two openings each [***mistakes the scars for the openings***]. Under closer scrutiny we can establish that there is only one opening overlain with a chitin rod, as a lateral view clearly shows (Fig 6). The chitin rod comes from the central of the spiracular plate towards the edge. This protects the spiracles, preventing the entry of foreign bodies, and above all water. While breathing in these rods lie right against the edge of the spiracular plate, whilst during breathing out the outer end of the rods bends outwards, ensuring a faster exit of air.


During breathing in, the air penetrates through these apparently smooth-sided openings into rapidly broadening chamber. The inner walls of this chamber are coated with chitin spines and hairs. We have here therefore a typical felt chamber, but without a closing mechanism and without muscles. Wahl described the spiracle of Eristalis tenax in the following way: “We have here therefore a rare simple lip-less spiracle with two unsealable openings and a felt-less chamber”.


However in all three of the species I studied there was a felt chamber (Fig 6). The chamber narrows into a funnel and then broadens out again after the narrow place just as gradually. At the narrow part the flet chamber ends and the taenidia of the tracheae begin. The last part of the third section is brown and more strongly chitinised for roughly twice the length of the felt chamber. As already mentioned, the retractor muscles insert on both sides of the second section of the breathing tube, and are strongly developed/fixed [festgewachsen] at the other end in the hypodermis of the 8th abdominal segment. The working of these muscles is briefly described thus: The muscles shorten and thereby turn inside out the rear part of section II where the muscles insert. This extrusion can go so far that finally the entire section II lies within section I in an inside-out state. Since section II has no longitudinal muscles, it is retracted whole [gestreckt]. A cross-section through the breathing tube in the retracted state shows the following picture: from outside towards the inside we meet first the ring of section I, within which concentrically is the inside-out ring of section II, and within this ring is the ring of section III which is the right-way round. Figs 7 & 8 show schematically cross- and longitudinal sections through the retracted breathing tube.


By contraction of the body, the haemolymph is forced into the breathing tube and thus extension is effected. In this way the anal papillae are also extruded. When the retractor muscles of the breathing tube contract, the two tracheal trunks are withdrawn into the body, and indeed the specified muscles of these tracheae pull together in such a way as to make them lie in numerous coils in the 8th abdominal segment, thus avoiding kinks.

b) The anterior pair of spiracles

[...developing in L1 and L2...]

The anterior spiracles are to be attributed to the prothorax, as Wahl recognised. Like the breathing tubes, the anterior spiracles are also retractile. At the base of each spiracle are muscles which retract the spiracle, turning inside-out part of the cuticle. In this state the spiracle seem to be sitting in a pit. As woith the breathing tubes, extrusion happens from haemolymph pressure. The spiracles are weakly curved towards the outside, and on the outside curve (therefore anteriorly) we see a honeycomb structure. Each individual part of the honeycomb is weakly arched and has a small opening at its highest point. Wahl and Gäbler (1930) did not observe the openings in Eristalis tenax, but probably they are also present there. Air enters through the pores into a felt chamber, and from here into the main tracheal trunks. In inner curve of the spiracles is strongly pigmented and creates the support for the spiracle. Normally the spiracles are extruded; the larvae only retract their anterior spiracles when burrowing in mud and when in danger.


On the function of the anterior spiracles, opinions have been divided. Palmen (1877) and Wahl thought these were closed; Wahl wrote: “The anterior spiracles, while closed, are extraordinarily similar in their structure to open spiracles”. Batelli (1879) thought that the anterior spiracles were for exspiration and the posterior spiracles of the breathing tube for inspiration. According to Reaumur the anterior spiracles were only used for breathing during the pupal stage. Only Alsterberg (1934) recognised the correct function of the anterior spiracles in Eristalis larvae, namely for emergency respiration when breathing is prevented via the breathing tube. He did not go into the significance of the anterior spiracles during the first pupal stage (prepupa).

In order to clarify the function of the anterior spiracles, the following experiments were conducted.

Expt 1.  I placed a mature larva of Eristalis arbustorum in a container with stale tapwater. The water level was 4 cms. To keep the animals at the bottom of the dish, a thin layer of sand was put down. There was a small soft-haired brush plunged into the water whose hairs were so bristly that an air bubble could be kept underwater. The meniscus was covered with a 1 cm thick layer of linseed oil. Until the oil was poured on, the larva was at rest, breathing from the surface with its breathing tube. Then it retracted the breathing tube immediately in order to make a new attempt to breathe from another spot. Immediately on conact with the oil layer, the breathing tube was each time quickly withdrawn. The pauses between the repeated fruitless attempts to reach the air became greater with each case. After about two hours the larva by chance encountered with its head end the air bubble held by the hairs of the brush. Immediately both anterior spiracles were fully extruded and placed in the air bubble. The larvae then was apparently at rest. From the clear diminution of the air bubble, I was able to establish that the larva breathed through the anterior spiracles.

Expt 2. Among the Eristalis arbustorum larvae I collected, I found two individuals which had for some unknown reason lost the IIrd and half of the IInd sections of the breathing tube. Both animals had had their injuries a long time. They were placed in glass containers with tapwater 5 cms deep. The temperature of the liquid was held at about 18 C. After the larvae had crept about hurriedly on the substrate of the container for about 30 mins, they let go of the substrate and because of their lighter specific gravity they rose immediately to the surface. Here they orientated themselves with the head end upwards and finally hung from their anterior spiracles, breathing, as was clearly visible from the typical breathing movements (emptying and filling of the tracheal sacs).

Expt 3. Larvae of Eristalis arbustorum were prevented from breathing air for 3 hours by a glass dish. These were also final instar larvae. After they at first had actively tried to bring their breathing tubes to the air, because of their respiratory need they then become gradually slower and finally came to a complete stop. After removing the glass dish, the animals came again to the water surface and breathed with both the last and the first pair of spiracles (Fig 11). This was recognisable from the conical depressions of the water surface at both the breathing tube and the anterior spiracles.

The larvae therefore usually breathe only from the spiracles of the breathing tube; by cutting off the path to the air via oil or damage to the breathing tube, they then seek to supply their oxygen requirements via the anterior spiracles. However, this emergency pathway does not suffice for long, and the larvae of Expts 1 & 2 died after about 48 hours. When after a long absence of air the larvae can again use spiracles for breathing, the anterior spiracles essentially support the last pair of spiracles, as Expt 3 establishes.

c) The tracheal sacs

On the dorsal side of the larva we see two powerful main tracheal trunks that run from the anterior spiracles to the spiracles of the breathing tube. As I already mentioned above, the air breathed penetrates through the spiracular openings of the breathing tube into the two felt chambers. The two tracheae run along the entire length of the breathing tube. At the entrance to the body of the larva they become more separated from one another; at the level of the anus they are joined together dorsally by a commissure. Just behind this transverse connection the tracheal trunks become gradually wider, reaching their greatest width in the middle of the body. The internal diameter of the main tracheal trunks at this position amounts to about six times the diameter of the tracheae at the level of the posterior commissure. The width of these “tracheal sacs”, as Alsterberg called them, gradually reduces anteriorly, so that they again have the normal diameter at the level of the anterior commissure. This anterior commissure lies at about the level of the mouth opening, and is constructed exactly as the posterior commissure, only its diamater is not as great as the former. Behind them the tracheal trunks go into the two anterior spiracles. 


Gäbler used the shape of the tracheal sacs as a taxonomic character to differentiate the larvae of Eristalis and Helophilus. This indication also worked well for me in identifying the larvae. Whilst the tracheal sacs of Eristalis are rather straight, they are winding in Helophilus.


In Myathropa both commissures show obvious felt rings. Neither Wahl nor Gäbler saw any felt rings in their projects. Gäbler only saw that the posterior commissure “was somewhat constricted in a few individuals”. During moulting the commissures rupture from one another at the felt chamber, as one can see very well in shed larval cuticles. These rings resemble the felt rings studied in detail in Agrotis larvae by Fiedler (1936), but in Eristalinae they do not have this thickness. However, the commissures of the larvae of Eristalis arbustorum only show a constriction in the middle.


Behind the commissures - looking out from the tracheal sacs - each tracheal trunk is bent into an S-shaped part. In the normal state the S-shape is easily recognisable; in injected individuals and in those observed between two glass slides, this shape is lost because the animal is strongly stretched out in this position. The tracheal sacs can be prepared well from the animal. It is mostly successful to cut them out when filled with air, i.e. gaping with a cylindrical cross-section. However, often they were also pressed flat, like a band and empty of air. In this latter condition the S-shaped extensions were always strongly crushed so that they worked as air barriers. By cutting off the extensions, the tracheal sacs immediately fill up with air or water, whatever medium they find themselves in. Therefore there is a negative pressure in the tracheal sacs, caused by the effort of the chitin rings to take up again their normal rounded position.


The interpretation of the significance of the tracheal sacs hitherto was that they represent a reservoir of air. They allegedly make it possible for the larva to remain under water for a longer time without contact with the water surface. However their significance is actually completely different, as can be seen from the following facts.


In the normal state the tracheal sacs have a rounded cross-section and are filled with air. In the empty state the “air chambers” appear pressed flat with a completely flat-elliptical cross-section; the dorsal and ventral walls of each tracheal sac almost touch one another. The longitudinal axis of the ellipse is greater than the width of the tracheal sacs in the full state, and therefore from the dorsal side the empty tracheal sac appears to be wider. In emptying, the individual turns of the taenidia of the trachea move closer, so that the entire tracheal sac seems substantially shorter.


It is clear that the larvae with their breathing tubes (which reach a length of 15 cm in my Eristalis arbustorum larvae) would have considerable difficulty in breathing if equipment was not available to diminish the large dead space (the air column from the spiracle to the capillaries). It would not be possible for the animal via pressing together the tracheae alone to clear out the entire waste air with one go. The trachea sacs intervene here. In each breath significantly more air is drawn into the body than is absolutely needed for immediate respiration. A smaller part of the oxygen is extracted from the air in the capillaries, and a new exspiration transports almost the entire air content (tracheal sacs + breathing tube) through the spiracles to the outside. The remaining dead space is confined only to the air columns in the breathing tubes and vestiges in the tracheal sacs. During a new inspiration, at first the air columns of the breathing tubes are sucked into the tracheal sacs. However for the most part the tracheal sacs fill with fresh air pouring in afterwards through the spiracles. This fresh air mixes in the tracheal sacs with air from the breathing tube, and the mixture is practically equivalent to fresh air because the air columns of the breathing tubes only represent about a fifth of the contents of the tracheal sacs.


Exspiration therefore comes about by the muscles of the body wall pressing on the haemolymph and the dorsal and ventral walls of the tracheal sacs are pressed together. Special muscles that effect this pressing together directly were not observed. Inspiration happens automatically via relaxation of the muscles and a consequential reduction of haemolymph pressure on the tracheal sacs. The taenidia of the tracheae occupy their normal position, the tracheal sacs become cylindrical again and longer; via this negative pressure in the tracheal sacs, new air is sucked in. Exspiration and inspiration follow one another rhythmically. According to the performance of each individual, the pauses between the two phases became shorter or longer. It should be mentioned that not only the tracheal sacs but also the branchings going off from them are pressed together during exhalation, and therefore the above mentioned dead space is diminished substantially more.


Tracheal sacs are also found in many other insects. Because of more pigmentation and thicker cuticles, the operation of the tracheal sacs cannot be seen. One is therefore dependent upon conjecture. Probably these tracheal expansions have a similar function as in the larvae of Eristalinae, where observations are facilitated by the transparent skin of the body.

In order to establish whether the carbon dioxide produced in the tissues is also expelled through the breathing tubes, the following series of experiments were carried out.


A 2nd-instar larva of Eristalis arbustorum was placed in a small glass container with water and a glass dish was placed so that it was not possible for the animal to breathe atmospheric air. Using a pipette, I introduced an air bubble (diameter 2.5 mm) under the glass. After a short time the larvae found this bubble with its breathing tube, and breathed from it. After 20 secs the diameter of the air bubble was only 2.45 mm, after 50 secs 2.35 mm, and after 70 secs only 2.3 mm. The diminution of the bubble happened in regular stages in which during each inspiration almost the entire bubble was sucked in, and during each exhalation a smaller quantity of air was breathed out. An amount of gas was obviously abstracted from the bubble; a chemical study showed that after 70 secs the bubble contained neither oxygen nor carbon dioxide. The oxygen content was therefore completely used up after 70 secs, and carbon dioxide was not evacuated into the air bubble. The carbon dioxide was therefore expelled from the body via a different pathway (see Table 1).

The whereabouts of the carbon dioxide was studied more closely after that; when discussing the anal papillae we will go into it again.


Wahl has described thoroughly the supply of oxygen to the organs in his study of Eristalis tenax; I can confirm his results with my species. Wahl also has very good drawings of the tracheal system.

2. Breathing via the skin

Apart from breathing through the spiracles, the larvae (especially those of Helophilus pendulus) are able to extract dissolved air directly from the water. At first I thought that the anal papillae, to be found extruded from the anus and in pendular motion, would take over this function. However, below it is shown that the anal papillae have a different function. A direct uptake of oxygen through the integment therefore comes into question.


Eristalis and also Myathropa live in fluids that contain virtually no oxygen, and which are strongly nitrogenous and alkaline. A supplementary cuticular respiration is therefore out of the question here. In contrast I have established that cuticular respiration occurs in the larvae of Helophilus pendulus.


If one places the larvae in deep water, they can survive in oxygen-rich media whilst in oxygen-poor fluids death ensues by drowning. For each of the two possibilities, a case can be cited.

Case 1: 1st-instar larvae of Helophilus pendulus were placed in a container with water that had already been colonised for a long time by Helodea and which therefore was very oxygen-rich. The larvae were forced to keep to the bottom of the container by disturbance of the water surface. After 3 hours all ten larvae were still alive. After 2 hours they become lethargic, but showed heart movements still after 3 hours. After they were held again at the water surface, all ten individuals maintained spiracular breathing after 10 minutes. The animals were only able to survive the 3 hours of deprivation of atmospheric air because they were able to obtain a makeshift supply of air directly from the water via the skin. I could not maintain the larvae alive for longer than 3 hours.

Case 2: Ten other larvae of Helophilus pendulus, the same age as those of the first experiment, were placed in a container with boiled water, which was therefore oxygen-deficient. Held under the same conditions, these larvae already showed apparent paralysis after 30 mins, and after 70 mins they were all dead.

During cessation of spiracular respiration, there is a higher negative gas pressure in the tracheae via constant release of carbon dioxide from the anal papillae. In order to compensate for this pressure gradient, either a dissolved gas is extracted from the medium surrounding the larva, as in the first case, or as in the other case, the fluid itself is taken up into the tracheae. The probability that waterlogging of the tracheae in drowning larvae could occur through the spiracles, contradicts the fact that drowning also occurs when the breathing tubes are bound up and the anterior spiracles plastered over. 


Whilst in Eristalis and Myathropa oxygen uptake does not come into question because of the condition of the medium, in Helophilus it occurs direct from cuticular respiration, at least in the young instars. Helophilus larvae abandoned boiled water and water fouled by cadavers (and therefore oxygen-deficient) even if the possibility of breathing through the breathing tube were not taken. If there was no escape, these individuals died after a short time in spite of spiracular breathing. In Helophilus, therefore, oxygen uptake through the integument plays a vital role. With this viewpoint, we can clarify the fact that larvae of Helophilus pendulus were always found in clear or at least plant-rich waters. Batches of Helophilus which I allowed to emerge onto manure died after a short time, whereas the control eggs emerged onto the correct medium and the larvae developed well.


Another significance of skin permeability to various gases should be important. If the larvae of all three species were forcibly placed at great depth, they almost always emptied the air from their tracheal sacs. In this condition they have a greater specific gravity than water and they sink to the bottom. I have observed that larvae both from clear water and from manure are able to fill their tracheal sacs with a kind of gas, and hence after a long time rise upwards to the surface of the fluid. In manure the larvae can only take up hydrocarbon or nitrogen, whilst in pure water air will be taken up. This also explains that when the spiracles are stopped up, Helophilus can live longer in clear water than in bad, and relative to Eristalis and Myathropa in manure. The permeability of the skin therefore saves the lives of larvae that have sunk and are empty of air, since via gas uptake it allows them to reach again the surface of the water.

The skin permeability decreases with increasing larval age; it is greatest in the 1st instar, and practically eliminated in the last larval instar. The following experiments show this.


A Helophilus pendulus larva of each instar were placed in a bowl with fresh water, with food. From a glass dish laid on the bowl, respiration via the spiracles was no longer possible; they were therefore all dependent upon cuticular respiration. After 60 mins the oldest larva was dead, and after 90 min the middle one, and after 2 hours the youngest. Skin respiration therefore allowed the latter to remain alive the longest (see Table 2).

3. Breathing via the anal papillae

Apart from the spiracles and the skin, there is still a third body part with respiratory importance, the anal papillae. In all three species the papillae are histologically similarly constructed, but with different numbers of finger-like extrusions. In the extruded state they are like a ring of tentacles of a actinidian surrounding the anus of the larvae (Fig 12). In the retracted state, the anal papillae are positioned in the body around the hindgut.


On the basis of my completed studies, I have come to realise that the anal papillae are exclusively for the release of carbon dioxide. Carbon dioxide is given up to the water directly surrounding the anal papillae. Above all, a detailed consideration of the Malpighian tubules in the 1st, 2nd and 3rd instars, which will be taken up again later, and the associated loss of function of the anal papillae in the last larval instar, confirms my view. Two Malpighian tubules, which in the two first larval instars together with the other two tubules occur as uniformly robust, long diverticula at the beginning of the hindgut, in the last instar increase in thickness in their first half and finally achieve a 20-fold increase over their original diameter. This swelling is caused by the mass storage of CaCO3 arising from the uptake of calcium salts with the food and carbon dioxide derived from respiration.


The anal papillae function continuously and lose this first in the final larval instar, in which they are usually lying within the body of the larva, retracted and in a shrivelled condition, and therefore not noticeable.

a) Anatomy and histology of the anal papillae

In all the studied species the anal papillae consist of a basal part pierced by the hindgut and bearing the anus in the middle on the ventral side, and the finger-like outgrowths arising on all sides from the basal part, lying in one plane. The number of these fingers is constant within a species, but varies from 12 in Helophilus pendulus, 14 in Myathropa florea, and 18 in Eristalis arbustorum. 


The anal papillae of Helophilus pendulus are the simplest of the three species (Fig 9). For easy representation we can think of a cross lying over the papillae, whose axis coincides with the anus. One of the axes runs through the axis of the body, and the other at right angles to it. These axes divide the papillae into four quadrants, numbered I-IV clockwise from the upper right section. In Helophilus we have three equally long fingers in each quadrant, which all have their axes radiating from the anus. Extrusion occurs generally via contraction of the body which causes pressure of the haemolymph on the papillae. Retraction of the papillae into the body occurs via muscles inserted on the one side into the ventral side of the larva, and on the other into each finger. In Helophilus the ends of the muscles insert into the last fourth of each finger. They have a roughly circular cross-section, and break up at the ends into individual muscle strands which insert separately. Via contraction of the muscles, the last fourth of the fingers which contain no muscles are pulled back in their stretched state, whilst the remaining three-quarters are turned inside out between the insertion point of the muscles and the base of the fingers. By their contraction, haemolymph is forced from the fingers, and they decrease in cross-sectional area, and in the end each finger lies strongly folded against the hindgut of the larva. At the end of the 2nd instar, each extruded finger has a length of 4 mm and a diameter of 0.3 - 0.4 mm.


In the papillae we should distinguish two septa which we can call the anterior and posterior septum. The anterior starts ventral to the gut and joins the two sides of the body. It is orientated horizontally, and continues into the anteriorly directed fingers of the papillae. The posterior septum begins dorsal to the gut, goes through the basal part of the papillae, is likewise horizontal, and merges into the septum of the posteriorly directed fingers of the papillae. Three papillar cavities arise from these septa. Cavity A lies between the anterior septum and the anterior papillar wall; cavity B is between the two septa; and cavity C lies between the posterior septum and the posterior papillar wall. 


The septum projecting into each finger separates it into two longitudinal halves. It does not reach right to the end, but disappears in the last third of the finger into extensive webbing attached to the epithelial wall of the fingertips. A trachea with taenidia runs in the longitudinal axis of the septum which supplies each finger with oxygen and fades away into many ramifications. Each of these branches ends in a comparatively large tracheal end cell, which sends out many tracheal capillaries [tracheoles] on all sides (Fig 17, TE). On both sides of the main trachea lying in the septum are a row of large, irregularly constructed epithelial cells. Apart from the role of supporting the trachea in the papillar finger, the septum also has the task of regulating the blood stream in each finger; the blood ascends in one half of the finger towards the outside, and leaves the finger from the other half flowing in the opposite direction (Fig 13). These observations were carried out especially successfully in larvae of Myathropa. The role of the septa in papillar function will be described in more detail.

The anal papillae of Myathropa has 14 fingerlike appendages on the basal part, divides among the quadrants in the following manner: Q1 - three fingers, of which the first is the longest (4 mm); the second is 3.5 mm; the third 3 mm. The fourth finger lies on the boundary between Q1 and Q2. The 5th - 7th fingers are in Q2; their length increases by the same amount as those of Q1 decrease. The 11th finger lies exactly opposite the 4th, and therefore on the boundary between Q3 and Q4. This gives therefore the following lengths of the papillar fingers: [........see paper.......]. The insertion points of the retractor musclesm, as also with other features, coincide with those of Helophilus pendulus.

The anal papillae of the larva of Eristalis arbustorum are much more complicated. There are 18 fingerlike diverticula on the basal piece. In Q1 we have 5 fingers. The first is 3 mm long. At the end of the first third of this finger there is a small 0.3mm-long fingerlet [Aussackung] directed towards the Y-axis. At the end of the second third there is another one just as long, but directed towards the opposite side. Both fingerlets have no muscles (Fig 14). The retractor muscle is inserted at the beginning of the last fourth of this finger, just as in Myathropa and Helophilus. The second finger is 2.5 mm long and bears only one fingerlet posterior at the first third of the finger. The fingerlet is bent towards the Y-axis, and is also 0.3mm long. The muscles of the finger are also inserted at the beginning of the final quarter. The third finger arises from the second, about 0.4 mm above its base. This finger has only one muscle, which bifurcates shortly before the end of the finger. This finger is turned inside out along its entire length by contraction of the muscle, like a glove finger turned inside out. The fourth finger is of the same type of the third, and has the same length. The fifth finger is 2.5 mm long, and constructed in the same way as a Helophilus finger (Fig 16).


In Q2 and Q3 we have four fingers each. The sixth and 13th fingers are 2.5 mm long, without fingerlets, and with muscles inserted at the fingertip. The 7th to the 12th fingers are each 3 mm long and constructed as in the fifth. In Q4 is the 14th finger, built as the fifth, the 15th like the 4th, the 16th like the 3rd, the 17th like the 2nd, and the 18th finger like the 1st. Therefore we have in Eristalis arbustorum three different kinds of fingers:

* eight fingers of the Helophilus type

* six fingers with muscles inserted at the tip

* four fingers of the Helophilus type but with 1-2 fingerlets (the latter without muscles)

Apart from the retractor muscles described above, more muscles insert on the proximal part of each finger, also in Helophilus and Myathropa. I label the former the anterior, the latter the posterior retractor muscles, following Wahl. All papillar muscles insert on the hypodermis of the 8th abdominal segment; they are probably derived from the gut muscles. It should be noted that in many species as in Eristalis arbustorum and Eristalis tenax, there are more fingers directed forwards than backwards. We will return to these facts in discussing the function of the anal papillae.


The papillae have a comparatively thin cuticle and underneath a thick epithelial layer, resembling the gut epithelial layer. This correspondance justifies the belief that the anal papillae are outgrowths of the ectodermal hindgut. The particularly large nuclei are noticeable in the epithelial layer of the papillae. The intima of the gut has turned into the cuticle of the anal papillae. Further support for this origin comes from the rich supply of tracheae carrying oxygen to the anal papillae via their extensive ramifications. When we look at the main tracheal trunks in the vicinity of the posterior commissures, we see a branch going out from each trunk which splits into three further branches.One branch supplies the last part of the hindgut with oxygen, the second (mentioned already in the description) goes to the breathing tube. The third branch goes to the anal papillae. The one coming from the right-hand trunk goes to Q1 and Q2, that from the left-hand trunk to Q3 and Q4.


The septum of the anal papillae consists of the thin transparent membrane which divides at the edge for better attachment to the papillar epithelium (Fig 17). The septum becomes gradually thicker along the longitudinal axis; in this thickening lies the trachea, lined on both sides by a row of large epithelial cells. These remind one of the epithelial cells of the walls of the anal papillae, but are much more variable in size (Fig 18). The septum disappears gradually into strands towards the distal part of the fingers.


The blood corpuscles that fill the papillae are oval in shape. They are continuously there in large numbers. The function of the anal papillae will be gone into in more detail from these observations.

b) The function of the anal papillae

The anal papillae were mentioned for the first time by Reaumur (1734) in Eristalis, but he did not elaborate on their function. He only established that the anal papillae were extruded during defaecation and then floated in the water for some time. It should be mentioned that the floating also happened during defaecation but is in no way connected with this action. Chun (1876) came to the conviction that they were “undoubtedly glandular cells”. He described the anal papillae in their extruded state and established that the papillae were woven around with “strong finely ramified tracheal branches bent over at the tips”. This error was only possible because the papillar tracheae because in the extruded state the papillar tracheae naturally lie on the outside of the finger. Because he also accidentally found gut contents in them, he supposed that they had the same function as the hindgut. I also once had gut contents in the anal papillae, but only when I squeezed the slide hard and consequently the hindgut burst and the gut contents were evacuated into the papillae. Chun attributed also to them an occasional respiratory function, in fact while they were floating in the water. In fact he ascribed to them the function of inspiration. He labelled them as “an interesting combination of rectal glands and rectal gills”. Batelli (1879) thought that the anal papillae were anal glands with an unknown (to him) function, and brought the extrusion of the papillae together in connection with some paralyses of the animals. Buckton (1895) did not describe the papillae in detail, but thought they were “rudiments of the curious rectal glands of the adult fly”. Wahl (1901) described the anal papillae in Eristalis tenax very comprehensively with good illustrations. With regard to their function, however, he came to a false conclusion when he wrote that “respiration by the papillae always comes into play when the oxygen requirement via the spiracles alone cannot be adequate”. Wahl seemed to take the rich tracheal supply of the papillae for a respiratory function, indeed for inspiration, although the hindgut is only very sparingly supplied with tracheae. In larvae held in stagnant water for a few days, Wahl observed that these always had their papillae extruded. The water already had a decidedly foul smell. He maintained that because of the limited oxygen content of the air over the water surface, the animals were obliged to [obtain] an additional respiratory mode via the papillae. On the basis of my studies, I cannot confirm this opinion. Krüger (1926) studied the anal papillae of Syritta pipiens and described them thoroughly. He talked of the tracheoles with plasma strands “radiating star-like from small cells”. In the species I studied I found the tracheal end cells always to be large cells. He also found blood corpuscles in Syritta, but could not see any blood stream in living animals, whilst in my material I could always find such streaming. “In the resting position, the anal papillae are found on both sides of the hindgut in the abdominal cavity”, he wrote in addition. Since the turning inside out of the anal papillae results from contraction of the retractor muscles, one should not designate this condition of the papillae as the resting position. The anal papillae are on the contrary always extruded and are only retracted during danger because of their tender state to protect them from damage. “As is to be concluded from their structure, the anal papillae certainly possess a respiratory function, and work as blood or tracheal gills”, Krüger (1926) added. As his predecessors, he also thought that the papillae had a purely inspiratory function. We will revisit his studies later. On the basis of detailed studies of the larvae of Eristalis arbustorum, Eristalis tenax and Eristalinus sepulchralis, Gäbler (1935) came to the following conclusion: “Eristalinus sepulchralis can cover its oxygen requirements from the water. I cannot determine whether here the oxygen is taken up by the anal papillae or by other body parts.”.  Eristalinus sepulchralis lives in foul mud, whilst the two others are found in liquid manure. Dunavan (1929) says from studies of Eristalis arbustorum with reference to the “finger-like processes”: “This demonstrates beyond doubt that larvae of Eristalis do have both open and closed types of respiratory apparatus”. He is at any rate not fully clear about the function of the anal papillae. Alsterberg (1934) recognised the nature of the papillae correctly at the outset, to which he ascribed an importance in exhalation. He also recognised a blood flow, mentioned the three septa in the papillae, but without enlarging on this in detail.

On the basis of my studies, I have come to recognise that the papillae have purely an exspiratory significance. To study the possibility of an importance in inspiration, the following studies were conducted.

Expt A:  A 2nd-instar larva of Helophilus pendulus was placed in a container with fresh water with Helodea.Using a fine-meshed wire net placed a few cms under the water surface, I prevented the animal from breathing through the spiracles. As food I offered a piece of rotting meat. At first the animal tried for one hour to reach the water surface, and during this time its was very lively. In the 2nd and 3rd hour the animal only crept about on the substrate still feeding a bit, and finally stopped with only localized movements. After four hours of the experiment, heart activity ceased. The papillae were not even extruded once during the entire time. The larva therefore did not seek via activity of the anal papillae to escape death by suffocation, as it certainly would have done if it had had the papillae in position. Similar experimental results were shown in Myathropa and Eristalis.

Expt B:  This test was as the previous one, except with boiled water and without water plants; the study animal was of the same age and species as in Expt A. After one hour 35 mins the animal was dead. The longer lifetime in Expt A was only possible because of cuticular respiration, which was unsuccessful in Expt B. In this experiment also the anal papillae were not extruded.

Expt C: As suggested in a study by Konsuloff (1922) on mosquito larvae, in which he showed a doubling of respiration and above all pure anal gill respiration during the winter, this possibility must also be studied. Because the study had to happen in summer, approximate winter conditions were created for the larvae in a fridge. As already mentioned, this was a gas-colled fridge L-15 (Electrolux). Over the cooling lamellae there is a recess for the water tank for making ice. The water tank was removed and the space used for the experimental glass containers. The glass containers were 10 cms high glass cylinders with an internal diameter of 5 cms; they were surrounded around and underneath by a 2-cm thick layer of cotton, so that the cooling would occur primarily from above. These glass containers received 8 cms depth of fluid, in which the larvae were to live, for Helophilus water, and for Eristalis and Myathropa dilute manure. To read air temperature, a thermometer hung freely in the icebox, and for water temperature another was plunged into the fluid. Cooling followed gradually over about two hours. The starting temperature of the water was 16 C. In all three species at the beginning of the study, the anal papillae were extruded and in lively motion. With falling temperature the larvae slowed down, and at 5 C they stopped even local movements. At 4 C (the greatest density of water) they let the breathing tube come away from the water surface, and therefore stopped breathing through the spiracles. At the same time at this temperature the anal papillae were withdrawn in all species. From then on, the animals lay motionless on the bottom of the vessel. Since a thin layer of ice built up on the glass, the vessels were warmed again. At about 8 C water temperature, all the larvae began moving again, extruded their papillae, and again took up spiracular breathing again. During the winter therefore the anal papillae are not involved as organs of inspiration. In control studies of cooled and warmed Culex larvae, they behaved like Eristalis larvae.

Expt D:  This test established the previous item. In January larvae of Eristalis arbustorum were dug up and were all found with their anal papillae withdrawn. They were partly frozen into the earth but soon recovered after warming to room temperature.

In extruded anal papillae one see on the ventral side of the larvae regular waves of muscle [contractions] moving from front to back, but unconnected with the rest of the papillar rhythm. Vie these waves, the overlaid blood is transported along and conducted through the anterior septum of the papillae into cavity A of the basal part of the papillae. Via the blood pressure the anterior septum is pressed against the gut, thus closing off cavity B from the rest of the abdominal cavity. The blood then flows through the dorsal part of the anterior finger, turns around at the tip, and runs together into the ventral part of the finger in the direction of the anus. Since the anterior septum blocks cavity B against the abdominal cavity, it must flow into the ventral part of the posterior finger. At the tip of thsi finger the blood turns around again and flows into its dorsal part into the body. Via the blood pressure against the posterior septum, this also is pressed into the basal part of the papillae against the gut, and completes the shutting off of cavity B from the abdominal cavity. From cavity C the blood flows again into the body. This course of the bloodstream could be seen particularly well in 1st instar Myathropa, but could also be seen in Eristalis and Helophilus.


Independent of this bloodstream, the entire papillae perform rhythmic movements. The papillar fingers gain the essential distance from the body of the animal via the basal part; on this account it is necessary, since the fingers become displaced while in pendular motion, and beat towards the ventral side of the larval body. At first those fingers pointing forwards beat towards the belly of the animal. This movement becomes disengaged via a muscle group that is fixed to the anterior side of the basal part of the papillae parallel to its longitudinal axis. These muscles shorten the anterior side of the basal piece and hence cause the anterior fingers to beat upwards. At the same time with this movement the posterior papillar fingers beat downwards, away from the breathing tube. Then the muscle group relaxes and another lying on the posterior side of the basal piece takes over from the anterior ones. Thus the posterior fingers then beat towards the breathing tube, and the anterior fingers away from the ventral side.


The whole movement is divided into three phases:

1. The anterior muscle group of the basal piece contracts and causes the anterior papillar fingers to beat towards the belly of the larva, and the posterior fingers downwards, away from the breathing tube;

2.  The anterior muscle group relaxes and this causes both finger groups to lie horizontally. I call this the between- or resting-phase.

3.  The posterior muscle group of the basal part contracts and causes the posterior fingers to beat towards the breathing tube, and increase the distance of the anterior fingers from the belly. Then the posterior muscle group relaxes and it enters again the resting phase.

The nodding or pendular motion of the papillae come about via the alternating action of both muscle groups. Alsterberg has seen the simultaneous beating of both finger groups upwards. In my studies I always saw an alternating beat. The three phases I have described are referred to here as the papillar beat. This runs from the resting phase before the first phase, then the between-phase (2) and then the 3rd phase until the repeated resting phase. A more detailed study of the papillar beat was undertaken in Helophilus pendulus: the data are shown in Table 3. As a rule, Helophilus pendulus carried out seven papillar beats; there then follows a pause of about a second. Normally the larva performs about 60 beats per minute with the papillae. During greater exterion, such as active creeping, the number of beats increases. It is noteworthy that there are a constant number (seven) between two pauses, from which there was not even a single deviation. When the larva was interrupted after the fourth beat by vibrating the water, after a small pause it carried out the missing three beats, and then inserted the pause that was due.


In Myathropa and Eristalis the number of papillar beats was not constant, and also the pauses were not so regularly inserted. The individual papillar beats in these species were mainly much longer, more sluggish, and also the resting phase was comparatively long.

I have already said that the papillae have a purely exspiratory role. This assertion should be proved with some experiments.

Expt 1:  A larvae of Helophilus pendulus was placed in an individual container with tapwater. Onto a wooden stick half-way up, submerged in the fluid was attached a piece of rotting meat which provided the larva with food. The larva was placed onto this piece of meat. It began immediately to take up food, and for the rest it remained at rest and breathed with the breathing tube from the water surface. The papillae were immediately extruded and started in their typical pendular motion. Now with care, without disturbing the water, a pipette full of calcium hydroxide (Ca[OH]2) with the opening near the papillae was introduced, and with gentle pressure on the rubber bulb some calcium hydroxide was squirted out. There was an immediate slight turbidity around the papillae. Therefore calcium carbonate was produced from the calcium hydroxide near the papillae. The required carbon dioxide could only have come from the papillae themselves, since the precipitate did not occur at a greater distance from them. This shows that the anal papillae produce carbon dioxide.

Expt 2:  A few Helophilus larvae were placed in artificial soda water for a short time. The papillae remain withdrawn. After 10 mins the larvae were brought back again into their living medium. A vigorous session with the papillae began immediately, and was irregular, hasty and without the usual pauses between the papillar beats. The larvae performed about 80 and 90 beats per min. The larvae must therefore have taken up carbon dioxide through the skin, and hastened to lose this as quickly as possible via the papillae; hence the elevated number of papillar beats.

Expt 3:  This experiment was confined to establishing that the four Malpighian tubules in the 1st instar have a uniformly large width from their blind ends right to their discharge into the hindgut. During this time and also during the second instar, the papillae were functioning. In the last instar, a strong swelling of one pair of the Malpighian tubules was observed in the larvae of all three species. This widening was caused by the mass storage of calcium carbonate. During this time the papillae did not function. The carbon dioxide was therefore used to manufacture the calcium carbonate. The importance of the Malpighian tubules in the final instar is clarified below.

These experiments prove that the papillae have an exspiratory function. The bloodstream saturated with CO2 runs through the papillae in a regular flow, moved by the muscles of the ventral side of the body just in front of the anus, which propels the blood forwards in rhythmic pulses. The nodding movement of the papillar apparatus serves solely to make the exterior medium fluctuate all the time, distancing the CO2-saturated fluid and replacing it with new. During the papillar beat phase, the blood stops; the blood flows only during the resting phase and the pauses between two beats.


Above I stated that the number of anteriorly directed papillar fingers in Eristalis is greater than the posterior fingers. This design ensures that the CO2-bearing blood in the anterior fingers quickly meets a large surface area to release the CO2 into the exterior medium. CO2 release is facilitated by the fact that the fluid in which for example Eristalis arbustorum and Myathropa live has a strong alkaline chemical reaction, as Alsterberg also stressed. Above all in these fluids, NH3 is always present dissolved in large quantities. Any CO2 present is immediately bound and then as ammonium carbonate is dissolved as neutral salt. The absorption coefficient of CO2 is as a result greater than in pure water, although it is also substantial there. The release of CO2 from the papillae presents therefore no great difficulties. The pendular motion of the papillae provides for constant change in the exterior medium.


Therefore we have in the larvae an extraordinarily differentiated respiratory system. Whilst the spiracles provide for inspiration, the papillae function exclusively as organs of exspiration.


In the final larval instar in all three species we encounter essentially altered circumstances. In this instar the anal papillae no longer have any function. They are only rarely extruded from the anus, and when they really do appear, they no longer carry out any rhythmic movements. The regular bloodflow which dominated in the earlier instars no longer occurs in the papillae. The papillae lie mostly invaginated and strongly folded against the hindgut. In addition the cuticle of the finger is not somewhat thicker and slightly pigmented brown. The basal part has become narrower so that sudden extrusion of the papillae without damage is scarcely possible, since the entire papillar apparatus may be pressed forward by slight pressure on the body. 


Now we must ask where the carbon dioxide, which until now was eliminated from the papillae, is deposited. This question is easily answered: it is chemically joined in the Malpighian tubules to absorbed calcium. Because the larval skin in the final instar is more strongly pigmented and cuticularised, as already stressed in the description of breathing through the skin, this removes also the possibility of CO2-loss through the skin.

c) The Malpighian tubules and their significance in the last larval instar

At the beginning of the hindgut, four Malpighian tubules separately enter this [the hindgut] (Fig 19). In the first two instars they consist of similar tubes that are equally wide throughout their length. In cross-section we can recognise a two-layered membrane and inside there is a thick epithelium of wart-like cells with large nuclei projecting into the lumen. The inner surface of these epithelial cells are covered with a fine layer of microvilli [Stäbchen - little rods]. The epithelial cells remove waste materials from the blood, which then empty into the hindgut and are discharged with the faeces. In individual frass particles are enclosed in a thin-walled membrane. This excretion is the main function of the Malpighian tubules throughout larval life.


In the second instar, one of the pairs of tubules increases gradually in length, but keeping the same diameter, until it reaches almost double the length of the two other tubules. The epithelium in this extension becomes strongly diminished [?? - zurückgebildet] so that finally it is only present in traces.Both of the extensions lie lateral to the gut, the blind ends directed towards the head of the larva. Both extensions therefore lie dorsal to the ventral bloodstream that flows through the papillae.


During the first two instars, it is probable that the vital function of the Malpighian tubules is to eliminate from the blood the calcium taken up with the food. In the last instar, the tubule extensions swell greatly, producing from deposition a fine-grained whitish mass (Fig 20). Chemical analysis shows that this is CaCO3. Thus this demonstrates that the calcium already present dissolved in the blood combines with the CO2 produced from the respiration process to produce calcium carbonate, and is deposited in these expansions of the Malpighian tubules. Above all, their position in the CO2-carrying bloodstream of the ventral side, and the loss of function of the exspiratory papillae shows this clearly. I have at any rate been able to find no other possible avenue of loss of CO2.


Deposition of CaCO3 occurs to such an extent that both extensions of the tubules have twenty times their previous diameter, and their entire length is stuffed with this granular substance (Fig 21). The stored mass of CaCO3 is later related to the encrustation of the pupal skin, of which more later.


In conclusion, we can say about the Malpighian tubules that in the first two larval instars they function as true excretion organs, but in the last instar over and above their original task they serve as depositors of calcium carbonate.

IV. Pupation

1. The wandering phase of the larvae and overwintering

At the end of the final larval instar, the larva creeps about here and there at random. They often leave the fluid and food is no longer taken up. During this time there is an obvious laying down of pigment in the skin; the originally light-brown or grey colour of the skin finally becomes dark-brown. At the same time already calcium carbonate is laid donw in the skin, as was demonstrated chemically. In cross-section we can show that already some of the CaCO3 from the Mapighian tubules has been dismantled. The larva finally leaves the fluid entirely and settles down to rest in a protected place in mud, under leaves, etc, but still in a damp environment. This is the case in the summer generation. In the last generation that we meet them still as larvae in the late autumn, the larvae go into the earth for overwintering. For this purpose they crawl a little out of the fluid medium and then dig themselves at an angle into the earth to right over the water surface. Larvae of Eristalis arbustorum were found aggregating hidden in mud. Their bodies were horizontal but the breathing tube lay still in the tunnel (Fig 22). I found larvae in January at a depth of 5-10 cms, at a density of 680 in one square metre. Wahl thought that the larvae hung themselves from their breathing tubes to pupate, but he was mistaken. I also observed such cases in my breeding dishes. The larvae had left the water, had stuck themselves onto the glass wall and finally dried with the breathing tube stuck to the dish. In spite of their attempts, in many cases they could not free themselves. Some of these larvae pupated in this attached state, but apart from one or two that hung close to the water surface, they died from dessication. Most had already died as larvae, and had quickly begun to putrify in this attached position. 


Larvae of Eristalis arbustorum collected from the ground in January were placed in a container without water but with irrigated mud. They immediately crawled again into the earth, even when held at room temperature. When placed in liquid containing a muddy earth base, they also crawled into the earth. Larvae which had been torn suddenly from their winter sleep immediately returned to their rest again when they ahd the opportunity to crawl away. The following three experiments elucidate this assertion in more detail:

Expt 1:  On the 15.1.1938 20 freshly dug larvae of Eristalis arbustorum were placed in a container with water. Earth was provided with a 3-cm deep layer of sand. The larvae dug themselves in immediately. The water temperature was 15 C. On the 15.2.1938 the larvae came out again to the water surface and pupated during the following days. In spite of the high temperature, therefore, a four-week larval period was apparent.

Expt 2:  20 larvae of Eristalis arbustorum were placed in a glass dish filled with a 2-cm deep layer of sand. They crawled away immediately into the earth. After 30 days they rose to the surface of the sand and pupated. Tehy remained partly in the old tunnels under the surface of the ground, and pupated there.

Expt 3: I placed 20 larvae of Eristalis arbustorum in an aquarium with a 3-cm layer of irrigation water; they had all been freshly dug from mud in winter. They immediately tried to crawl away to the darkest place of the container. Since they were given no opportunity - there was neither sand nor leaves in the container - they crawled about for 14 days restlessly in the bowl, gradually becoming more darkly pigmented, and finally they left the liquid. Food uptake was not demonstrated; during this time they subsisted on their large fat-body.

The experiments show that lacking the possibility of crawling away accelerates pupation. The temperature was the same in all three experiments.

2. Prepupal stage

Pupation of the larvae is different between the summer and the overwintered generations. Larvae of the former leave the liquid, crawl out onto the bank a bit, seek out a hiding place under the foliage, dead grass or similar, and lie there at rest. The winter generation that overwinters as a larva in mud, pupates there. Thus it comes about that in spring one finds the adults but no pupae.


Before the darkening of the cuticle sets in, two spots are apparent on the dorsal side behind the anterior spiracles of the larva, at first appearing darker than the rest of the cuticle. They stand out somewhat from their surroundings, and have the appearance of two hillocks. With the progressive pigmentation of the body, these hillocks retain their light-brown colour and then appear lighter than their surroundings. If one touches the skin and these hillocks in thsi condition with the point of a pin, one can show that the cuticle of the hillocks is very thin and easily gives way under pressure, whilst the cuticle of the skin is already rigid and offers resistance.


In a damp spot under leaves, grass, etc, but outside the water, the larva finally hides itself and pupates. In the field the path to pupation is shortened, since by leaving the fluid they are covered over and over by mud and are hardly differentiated from their surroundings [???]. They pupate here right by the edge of the water. Large numbers of pupae of Eristalis arbustorum were found right by the bank of the irrigation waters. In drying, the layer of mud on the body of the larva created a solid shell, preventing the drying out of the pupa, and providing better protection against injury.

[...]


The prepupal phase lasts three days in both the summer and winter generations. The time is measured from the occurrence of complete rest and torpor of the larva to the appearance of the pupal spiracles.

V. The pupa and its breathing

In all three species we have the so-called puparia as pupae. The length of the pupa is very variable in the same species; in Eristalis arbustorum the length varies between 1.1 and 1.25 cms. Already in the prepupal stage one can recognise anteriorly on the larva the two clearly marked plates (I and II). The larval anterior spiracles sit on the first plate (Fig 25), and on the second we find the two hillocks through which later the two pupal spiracles grow through from the inside. The second plate belongs to the first abdominal segment of the puparium. 


I can confirm Gäblers’ observation that the larvae of Eristalis tenax always pupate in a horizontal or vertical position. However, he did not mention pupation after overwintering. Gäbler also discussed the brittle condition of the breathing tube. In his view one can break it off without injury to the pupa. According to my observations on Eristalis arbustorum, of five pupa treated in this way, four died following secondary infection with fungi at the break point.


On the 4th day, the two pupal spiracles break through the hillocks on the second plate (Fig 26). The hillocks have at their base a strengthened ring of chitin which should prevent tearing of the skin when the pupal spiracles grow through (Fig 27). Moreoever these rings provide the growing spiracles with a better guide. The rings have a large diameter than the pupal spiracles, so that the penetration can go occur without any hindrance in front of it. We can also see that the greater diameter of the chitin rings allows the developed spiracles to move to and fro in the rings (Fig 28). The penetration was particularly well observed in Eristalis arbustorum; it occurred almost never at the same time. Usually one spiracle appeared a whole day later.


When they break through, the spiracles have a light brown colour and after a few hours they become dark brown lik the rest of the puparium. The hardness increases along with the colour. 


The growing through of the spiracles comes about via an increased pressure. In the prepupal stage the hillocks were painted over with Canada balsalm in one individual. Although the balsalm was already somewhat hardened, both spiracles grew through it. When the hillocks were painted over with liquid paraffin, the penetration of the spiracles was prevented, but a slight separation of the paraffin layer from the puparium could be seen. In the latter case, the pupal spiracles lay crossed under the puparium following their sliding off the inside surface of the hillocks.


Whilst the pupal spiracles of Helophilus and Myathropa are more or less straight, those of Eristalis arbustorum show a slight curvature (Fig 27). This curvature comes about by the spiracles at first pushing against the chitin rings and distorting slightly because of their weak nature.


The pupal spiracles have an approxinately circular cross-section, and supplied with numerous small protuberances are on their surface which carry a small opening at their tip. There are about 90 pores on each spiracle. It was mentioned above that in the prepupal stage these spiracles breathe air from the space between the outer and inner pupa cuticle, which connects to the outside air via the larval anterior spiracles. I was able to demonstrate, however, that in the prepupal stage only a few of the pores of the pupal spiracles are open. Those pores that are still closed first become open when the spiracles have grown out through the puparium to the fullest extent. This has the following basis:


In nature larvae leaving liquid manure are thick with mud. During the penetration of the pupal spiracles, these also become overlain by a thin coating of mud, and were the pores to be open at this time, they would become blocked and the pupa would suffocate. Because of this the pores are first open at the end of the growth of the spiracles; this will break through the thin layer of mud still adhering to the pupal spiracles and free uptake of gases is then possible.


Exterior air is drawn into the inside of the spiracles through the pores. The central tube running along the longitudinal axis of each spiracle is thickly provided with felt at its edges. On the connection between the spiracle and the trachea, Gäbler wrote in Eristalis tenax: “The tracheae broaden very strongly at their exit from the spiracle and taper off again posteriorly. At the place of transition in the main trachea, therefore shortly before the anterior commissure, one finds a constriction at which later the prothoracic spiracle is produced. The section between this constriction and the pupal spiracles may be called the vestigial felt chamber”.  In Eristalis arbustorum we meet with similar circumstances, only the vestigial felt chamber is her shorter and hence seems fatter. Not only the felt chamber of the spiracles but also the vestigial felt chamber both serve to filter the air and prevent the entry of foreign bodies into the trachea.


The main tracheal trunks are also present in altered form in the pupa. Gäbler described in great detail the morphological construction of the tracheal system in his study of Eristalis tenax. The same circumstances are present in Eristalis arbustorum, and so nothing more will be gone into here.


It should be noted that lateral on the puparium especially in Helophilus the larval main tracheal trunks are clearly marked; one can recognise the wavy bends typical of this species. 


The length of the pupal stage is 14-15 days in Eristalis arbustorum (see Table 4). I have established that the pupal stage lasts one day longer in the female sex. In Helophilus pendulus the pupal stage on average lasts 14 days. The rearing of Myathropa came to an end with the death [of the larvae] before pupation, so that here no data can be cited.


[...an odd case of pupation inside an old pupal case...]

VI. The process of eclosion of the adult

On the final day of the pupal stage, one sees a small fissure at the seam between the two plates [of the operculum]. This separation of the two plates begins in the middle of their common seam and advances right to their ends. From clear and obvious pumping movements, which appear in regularly spaced sections of eight strokes per minute, the fissure broadens and narrows. The pumping movements occur such that the adult from time to time presses out from the lunula (a moon-shaped area [Spalte] above the antennae) a large ptilinum (“frontal bladder”, the “Stirnblase”) using the turgor of the body. [not really a ptilinum - really just a swelling of the frons - see Hendel 1936: 1876]. After a short while the posterior fissure of plate II splits out from the side, and finally this plate is only connected to the exuviae by a small piece. Now the sides and fron of plate I also become separated. This separation begins at the sides and splits equally to the middle so that plate I also is connected by only a small link to the exuviae.


After the separation of the two plates has proceeded thus far, the adult drag themselves forwards and very quickly leav behind the exuviae, whilst the plates are raised up. The abandoned shell from the side shows that plate I has become folded forwards and outwards, and plate II backwards and outwards (see Table 5 and Figs 26, 29 & 30). Figs 29 and 30 show the process of eclosion in two phases.

Table 5: Course of the eclosion process of an adult Eristalis arbustorum
mins
state of eclosion

5
small split between plates I & II

7
split travels right to the end of the fissure

10
posterior fissure of plate II begins to crack under the pumping movements

25
posterior fissure of plate II ruptures right to a small piece in the middle

35
plate I is loosened around the edge

50
plate I separates from the shell right up to a small connection in the middle

60
adult leaves the exuviae

In overwintering pupae that lie vertically in the earth, of which only the pupal spiracles are visible, the overlying thin layer of earth is raised up and then after eclosionwe recognise the open exuviae. [...] The overwintered larvae normally pupate in May. However, in 1938 the first adults of Eristalis arbustorum had already appeared on 9th May, even though the whole of April and the first week of May were cool. There were often frosts at night. In spite of this, pupation must have occurred at the end of April. 


On leaving the exuviae the adult has still entirely crumpled up wings, which take up their correct length first after 17 mins. The costa of the wing is upon eclosion lying in a coil/loop [Schlinge] and becomes gradually straightened. In Eristalis arbustorum the wing is at first 3mm long; after 5 mins it is 4 mm, and 13 mins 5 mm, after 15 mins it is 7 mm and after 17 mins it is 8 mm (see Table 6). The adult is ready to fly only after one hour.


Gäbler wrote about the opening of the puparium in the eclosion of Eristalis tenax thus: “It falls apart into two pieces, of which the anterior bears the original anterior spiracles of the larva and comes off completely. The posterior piece remains connected to the true pupal cuticle since it is pierced by the pupal spiracles which are fused to the pupal cuticle, and it (the piece) remains in the puparium.”


The following is correct here. Plate I with the larval anterior spiracles comes off during eclosion since the surroundings of the pupa are dry. In a relative humidity of 80%, there was no observed case of detachment [Absprengung] of plate I among 50 pupae of Eristalis arbustorum. Also plate II in this humidity always has a connection with the puparial wall. In more dry conditions, however, these plates can detach slightly so that they can hang only by the pupal spiracles.


It is noticeable that the adults always eclose during the morning hours, usually between 7 and 11 h. Of 50 observed eclosions, only two occurred in the early afternoon.
VII. Comment on the appearance of the anal papillae in other dipteran larvae

[...]

VIII. Conclusions

1. The oxygen requirements of Eristaline larvae is supplied mainly through the spiracles of the breathing tube

2. In L1 and L2, breathing through the skin essentially supports spiracular respiration. In Helophilus the elimination of cuticular respiration leads to a shorter time to death because the larvae cannot save themselves in oxygen-rich water

3. Both the posterior and anterior spiracles have a felt chamber.

4. The breathing tube and the anterior spiracles of the larva are partly retractable into the body

5. In the final instar, when very exhausted or through damage to the breathing tube, the anterior spiracles become functional

6. In L1 and L2, the anal papillae take over the exspiration of CO2

7. CO2 transport occurs via the blood corpuscles which flow through the anal papillae in regular pulses

8. The anal papillar body is separated by two extended septa into three cavities which passage the bloodstream from front to back.

9. The anal papillae are pierced by the hindgut. They can be withdrawn into the body for protection by retractor muscles in the body

10. Extrusion of the anal papillae happens by haemolymph pressure

11. In the final instar one pair of Malpihgian tubules takes over uptake of CO2 from the respiratory process. From this time, this deposits mass amounts of CaCO3

12. The anal papillae shrivel together in the final instar and become functionless

13. The CaCO3 deposited in the Malpighian tubules provides an incrustation of the final larval skin (the puparium)

14. The species overwinter as larvae in the final stage of their development. They crawl 5-10 cm into the earth for better protection

15. The prepupa breathes through the breathing tube and through the pupal spiracles which have not yet reached the exterior air. Its air for respiration enters the pupal spiracles in these three days through the anterior spiracles of the larva which at this time are wide open; the exterior air connects the space between the puparium and the true pupal cuticle.

16. Pupation occurs in the summer generation on the bank on the earth surface, but in the overwintered generation it happens just under this surface.

17. The pupa breathes finally through the pupal spiracles. The breathing tube is no longer connected with the air.

18. The puparium is open by the imago via the frontal bladder [not really a ptilinum - really just a swelling of the frons]. Two plates are separated from the head end via particular seams of the puparium. The opening happens via regular pumping movements of the frons (“ptilinum” - Stirnblase).

19. Eclosion of the adults occurs in the morning hours

20. The unfolding of the wings takes about 15 minutes. After about 1 hour the flies are able to fly.

21. Other diptera also have anal papillae. Their significance still needs to be clarified in part.
